Background. short-term adherence to physical activity (pA) in older adults improves psychomotor processing abilities and is associated with greater brain activation. it is not known whether these associations are also significant for longer-term adherence to moderate-intensity activities.
1
D escriptive studies have shown that older adults with greater physical activity (pA) levels are less likely to develop dementia or other cognitive functional impairments compared with those who do not exercise (1, 2) . Gains in the cognitive domain seem to be strongest for executive control function (ecF), psychomotor processing speed, and attention (3, 4) . intervention studies to increase pA in previously sedentary older adults have also shown beneficial short-term effects in cognition (1, 3, 5) , as well as structural changes in ecF-related brain regions in frontoparietal lobes (6) and overall greater brain functional activation (7, 8) . it has been proposed that pA is associated with brain changes through overall cardiovascular conditioning and specifically improved cerebrovascular blood flow and neuronal oxygen-ation. Animal studies have also shown that increased pA is associated with the development of new neurons (4, 9) . these events may in turn delay age-related degenerative processes or promote new neurogenesis and thus delay brain structural and functional declines. these findings suggest that older adults maintain brain plasticity and that the brain can respond to behavioral changes even late in life. However, previous studies have not measured such associations in very old and sedentary adults who begin and remain engaged in moderate to low levels of pA, such as regular walking, beyond 1 year of time. it is also not clear whether specific regions within the ecF frontoparietal circuits are selectively affected by pA or whether there is a generalized positive effect of pA on the brain. it has been recently shown that the participants of the 1-year randomized controlled trial lifestyle interventions and independence for elders-pilot (LiFe-p) (10) , who had been assigned to the pA arm, maintained greater physical function and higher score on the digit symbol substitution test (Dsst) 2 years after the end of the treatment compared with those in the control group (11, 12) . the purpose of this study is to measure the spatial distribution and intensity of brain functional activation in relationship with moderate pA levels in a subsampleof this cohort, 2 years after formal pA intervention has terminated.
We hypothesize that the pA LiFe-p participants who have maintained active would have greater functional magnetic resonance imaging (fMri) activation while performing the Dsst compared with the successful aging (sA) participants who had remained sedentary. specifically, we hypothesize that group differences would be localized within the ecF regions of the dorsolateral prefrontal, posterior parietal, and anterior cingulate cortices.
Methods
the LiFe-p was a 1-year single-blinded, multicenter randomized controlled trial conducted in sedentary older adults and consisted of a pA intervention arm compared with a health education in sA intervention arm (10, 13) . the study took place at four field centers (cooper institute, stanford University, University of pittsburgh, and Wake Forest University) in adherence with the principles of the Declaration of Helsinki and is registered at www.clinicaltrials.gov (registration number Nct00116194). For this study, participants were selected from the pittsburgh site, 2 years after the end of the 1-year intervention trial. inclusion into this study is described in the participants section.
Overview of LIFE-p Trial
the design of the LiFe-p trial has been described in detail elsewhere (10, 13) . Briefly, inclusion criteria were having an age of 70-89 years, having a sedentary lifestyle (<20 minutes/week spent in structured pA during the past month), being able to walk 400 m within 15 minutes without sitting and without use of any assistive device, having a short physical performance Battery score 9 (on a scale of 0-12), having completed behavioral tests related to logging health behavior, giving informed consent, living in the study area, and not planning to move for at least 9 months.
the pA intervention consisted of a combination of aerobic, strength, balance, and flexibility exercises, divided into adoption (Weeks 1-8), transition (Weeks 9-24), and maintenance (Week 25 to the end of the trial) phase, and walking was the primary mode of exercise. the goal was walking for at least 150 minutes over the course of the week. the sA group served as active comparison group and met in small groups weekly for the first 26 weeks and then monthly. sessions included health topics relevant to older adults such as nutrition, medications, foot care, and recommended preventive services at different ages.
Participants
At the pittsburgh site, 104 participants completed the 1-year trial (average: 14.5 months, standard deviation [SD]: 2 months). two years after the end of the study (average: 20 ± 1.7 months), participants were screened for interest in participating in this brain fMri study. those interested were included if they reported to have remained adherent to their original group assignment since the closeout of the study and if they were eligible for a brain Mri. Adherence to the original group assignment was ascertained separately for the two arms. the pA group was asked: "since the LiFe study ended, have you completely stopped your regular physical activity?" and participants were included if they responded "No." the sA group was asked the question: "since the LiFe-p study ended, have you spent at least 20 minutes a week getting regular exercise? regular exercise includes activities like: brisk walking, jogging, weight lifting, cycling, aerobics, or dancing" and they were included if they responded "No." to corroborate the self-report adherence ascertained through this initial question, pA levels were also measured through detailed interview using the community Healthy Activities Model program for seniors (cHAMps) questionnaire (14) , described later in the Other Measurements section.
Mri eligibility was assessed through interview and review of medical records. the study was approved by the University of pittsburgh institutional review Board, and all participants gave written informed consent.
A total of 30 participants (n = 20 from the pA group and n = 10 from the sA group) who indicated adherence to their original group assignment were selected for this study (supplementary Figure 1 ) and underwent a brain Mri and a clinic exam. the average time interval between study closeout and the time of the brain Mri was similar in the two groups (p = .7). the average interval of time between the phone follow-up and the brain Mri was less than 2 months (M: 1.9 months, SD: 1.8 months).
Masking to Intervention Group Assignment
Masking was maintained for the other data collection including mobility measures, cognitive measures, and brain Mri and for data entry and brain fMri preprocessing. the recruitment for this fMri study was not blinded to intervention assignment because the goal of the recruitment was to obtain participants from both groups who had remained adherent to their original assignment. During all evaluations, the participant was reminded again not to mention his or her group assignment to the staff or investigators. in addition to the measurements previously obtained at study entry (baseline) and at the end of the trial (closeout), functional brain Mri taskrelated activation scores on the brain volume and white matter hyperintensities volume were obtained at follow-up.
Digit Symbol Substitution Test
Dsst is a test of psychomotor performance, and it requires incidental memory, perceptual organization, visuomotor coordination, and selective attention to filter out irrelevant information (eg, symbols that may look alike). the test has high test-retest reliability. For this study, participants performed the pencil and paper version of the Dsst, previously employed in epidemiological studies of older adults (15) . A computerized version adapted for the fMri protocol (fDsst) (16) was developed for this study (see Figure 1 ). each participant was instructed on the task outside the scanner just before the fMri experiment begun and practiced with 12 trials (6 trials for the control condition and 6 trials for the fDsst).
each participant was then asked whether he or she wanted additional practice trial before starting the scan. None of the participants asked for additional practice time.
performance on the fDsst was measured as accuracy (number of right responses/total number of probes) and response time (time between appearance of the probe and response time). responses occurring after the probe Figure 1 . Digit symbol substitution test (Dsst) and control condition tasks. schematic representation of the Dsst and control conditions tasks administered during the brain functional magnetic resonance imaging (fMri) scanning session. fDsst = Dsst modified for the fMri protocol. two examples are shown for the fDsst (matching: push right button; not matching : push left button) and for the control condition ( 'r': push right button; 'L': push left button). the participant sees on a computer screen one number-symbol matching pair (cue). After the cue disappears, an answer key (probe) appears containing a grid of four number-symbol matching pairs. the participant is instructed to push the right index finger button if the probe contains one number-symbol that matches the cue and to push the left index finger button if the probe does not contain any number-symbol that matches the cue. instructions are to respond "as fast as you possibly can." in the control condition, the probe is a grid of four "r-symbol" pairs or "L-symbol" pairs to which the participant is instructed to respond by pushing the right or the left button, respectively, using the index finger. eye movements to visually scan the screen in the control condition and in the fDsst condition are estimated to account for non-task-specific brain activation (frontal eye field and visual cortex for eye movements and motor cortex for the index finger movements). in all trials, cues and a probe flashed on a black screen that had a 0.1-cm bright white fixation cross at the center, according to specific timing (cue: 1.0 seconds; pause: 0.2 seconds; probe: 3.6 seconds; pause: 1.2 seconds). the fDsst was presented using the block design, in which one block (eight trials per block) alternated with one block (eight trials per block) of a control condition. each block lasted for 48 seconds, and the participants were reminded the instruction for 8 seconds at the start of each block. there were five fDsst blocks alternated with five control blocks for a total of 9 minutes and 20 seconds. No cue was repeated within the same block. the two task conditions (matching vs nonmatching) were randomized 1:1 across participants and block.
by guest on November 7, 2016 http://biomedgerontology.oxfordjournals.org/ Downloaded from disappeared (after 3.6 seconds) entered the analyses as "wrong" with a response time = 3.6 seconds. Analyses were also repeated after excluding these responses.
MRI Protocol and Processing
Mr images were acquired in a 3-t siemens trio Mrscanner using a siemens 12-channel head coil. Functional time series consisted of whole-brain gradient-echo echoplanar images (epis) (repetition time [tr]: 2 seconds; echo time [te]: 32 ms; resolution: 128 × 128; slice thickness: 3.0 mm; 29 axial slices; GrAppA with acceleration factor of 2). A three-dimensional magnetization prepared rapid gradient echo high-resolution t1-weighted image (tr: 2.3 seconds; te: 3.43 ms; slice thickness: 1 mm; 176 slices) was acquired first for anatomical detail, and fluid attenuated inversion recovery t2-weighted image (tr: 9 seconds; te: 102 ms; longitudinal relaxation time: 2.5 seconds; slice thickness: 3 mm; 49 slices) for the white matter hyperintensities. statistical parametric mapping 5 (spM5) (17) was implemented in Mat-Lab (MathWorks, Natick, MA). epi volumes were realigned to the first volume of the first time series, and a mean image of the realigned volumes was created. the realigned images were coregistered to the anatomical t1-weighted image. the anatomical image and the epis were normalized to a standard spM reference. the derived normalization parameters of the anatomical image were applied to the epis, which were subsampled to a voxel size of 2 × 2 × 3 mm and smoothed with a Gaussian kernel of 8 mm full width at half maximum.
Brain volume of gray matter and white matter hyperintensities was measured because they could be potential confounders of the main association between adherence to pA and brain fMri and Dsst score. A fully deformable automatic algorithm previously described was used (18) (19) (20) (21) (22) (23) .
Other Measurements
A self-reported pA questionnaire, the cHAMps (14), was used to measure participation (yes or no) and frequency (days per week and hours per day) for the following activities: walk leisurely, walk for errands, ride a bicycle, use aerobic machines, exercise (both strength and water exercise), stretching, and general conditioning. Measures that indicate overall functioning and health-related status were obtained concurrently with the fMri because they could be confounders of the association between group assignment and brain fMri signal and performance. these included in-person interview, anthropometric measures, physical exam, blood pressure, prevalence of clinical conditions (assessed using self-reported physician-diagnosed disease information), and medication use. cognitive function was measured using the Mini-Mental state examination (MMse) test at baseline, at closeout, and at the time of follow-up concurrent with the brain Mri. total MMse score and scores of individual domains were obtained, including orientation (state the time, season, month, city, etc.), immediate and delayed words recall, calculation (subtract 7 starting from 100), naming (object and body parts), words repeating, threestage movement (take the paper in the right hand, fold it in half, put it on the floor), and copying (octagonal drawing).
Analysis
Wilcoxon signed-rank test was used to test significance of within-group differences in pA obtained at the beginning, at the end, and at 2 years after the end of the formal intervention program. Mann-Whitney test and Fisher's exact tests were used to compare between-group differences in means and proportion for continuous and categorical variables, respectively. Based on the power calculations of our previous work (18) and on sample size computations for fMri blood oxygen level dependent (BOLD) signal (24) , this study had a power of 80% and alpha of .05 to detect a signal change mean difference between groups of ≤0.18%. All analyses were done using spss 15.0 (spss, inc., chicago, iL).
Within-group differences in mean group fMri activation maps were estimated between the two conditions (fDsst vs control) in the context of the general linear model (17) . each condition was modeled using a delayed boxcar function convolved with the spM5 hemodynamic response function. Additionally, movement parameters derived from realignment were added as covariates of no interest to correct for confounding effects induced by head movement. contrasts of interest (fDsst > control and control > fDsst) were first estimated for each participant individually (averaging activation across runs) and then subjected to a second-level random-effects analysis.
the association of fMri mean signal with pA was tested using a one-sample two-tailed t test. Within-group and between-group differences in fMri signal were estimated in both directions (fDsst > control and control > fDsst) using a two-sample two-tailed t test. the two-sample t test addresses sample size differences by comparing the groups in the same model and fits the fMri BOLD design of comparing the primary contrast obtained for each participant (fDsst − control condition). in all analyses, a voxel-wise approach was used with t maps thresholded at a minimal voxel entry value of t > 1.71 (p < .05 uncorrected) and corrected for multiple comparison using Alphasim (gray matter mask, 1000 Monte carlo simulations, and smoothness were obtained using full-width at half maximum in X dimension) (25) . WFU_ pickatlas (26) was used to accept and identify the clusters with probability (alpha) of .001 (extent threshold: 433 voxels) and .01 (extent threshold: 270 voxels) for the one-sample and the two-sample t test analyses, respectively. Between-group analyses were also adjusted for accuracy and response time.
Results

Participants' Characteristics
the participants included in this study (n = 30) had similar baseline characteristics (p > .14 for all comparisons) compared with those excluded (n = 74), with the exception of race (blacks: 10% vs 37% in the fMri vs not fMri group, Fisher's exact test: p = .004). inclusion of the four participants who completed the 1-year trial and died by the time of the second follow-up (n = 2 in the pA and n = 2 in the sA group) did not change these results. Among those included in this fMri study (table 1), adults in this pA group were less likely to be black compared with those in the sA group (0% vs 30%, Fisher's exact test: p = .03). An imbalance in ethnicity distribution between groups was also observed in the total sample of n = 104 (blacks: 24% vs 34% in the pA vs sA group, Fisher's exact test: p = .2). the other baseline characteristics, including MMse score (total and by domains), did not significantly differ between groups (p ≥ .2 for all comparisons). Differences in neuroradiological markers and self-reported health were also not significant. the similarities between groups indicate that randomized design was maintained in this substudy. there was a within-group increase (p = .025) in the three-stage task in the pA group but not in the sA group (see supplementary Figure 3 ).
PA Measures
the level of pA was greater in the pA compared with sA group recruited for this study (Figure 2 ) at the study closeout and 2 years after the end of the treatment (Mann-Whitney test: p = .008 and .01, respectively) but not at baseline (p = .98). the pA group continued to remain engaged in more minutes of pA at closeout and at the 2-year follow-up compared with baseline (within-group comparison, Wilcoxon signed-rank test: p < .007 for both). the sA group of this study did not increase its level of pA from baseline through the closeout of the formal intervention or through follow-up (within-group comparison, Wilcoxon signed-rank test: p > .5 for both comparisons). results were similar for those not included in the fMri study (not shown). the type of pA was primarily walking and stretching (supplementary Figure 2) .
PA, fDSST Performance, and Spatial Distribution of Functional Brain MRI Signal
complete behavioral data were obtained for 29 participants (19 persistent exercisers and 10 from persistent sedentary group). complete fMri analysis was performed on 27 participants, 17 participants of the persistent new exercisers group and 10 participants of the persistent sedentary group. Alignment errors (n = 2) and motion artifacts (n = 1) prevented fMri analyses of three pA participants.
the pA group performed the fDsst with shorter response times (Mann-Whitney test: p = .01) and greater accuracy (Mann-Whitney test: p = .02) compared with the sA group (table 1) . Greater pA as ascertained through cHAMps score at time of fMri was associated with faster fDsst responses in all groups (gender-adjusted correlation coefficient: r = −.33, p = .04). Associations with accuracy Figure 2 . Kilocalories expenditures were computed using the community Healthy Activities Model program for seniors for participants who were in the physical activity (pA) arm and in the successful aging (sA) group. Mean kilocalories expenditures per week were measured at study entry, at closeout, and at the follow-up clinic exam at the time of the functional magnetic resonance imaging (fMri) for the sA (dashed line, filled circles) and for the pA (solid line, triangles). Kilocalories expenditures were computed to perform the following activities: walk leisurely, walk for errands, ride a bicycle, use aerobic machines, do water exercise, stretching, heavy strength exercise, light strength exercise, and general conditioning. see supplementary Figure 2 Overall, greater pA was also associated with greater fMri activation (Figure 3 ) within the left inferior frontal gyrus, with activation extending caudally toward the temporal lobe cortex and deeply to include the ipsilateral insula (cluster size = 551 voxels, peak Z score = 3.45, talairach coordinates [x, y, z]: 55.4, 4.7, 16.3).
Both groups showed increased brain activation while performing the fDsst test compared with the control condition (Figure 4a and b) . However, in the pA group the main effect for fDsst versus control condition was significant in a more widely distributed network that included ecF regions within the dorsolateral prefrontal, posterior parietal, and anterior cingulate cortices compared with the regions active in the sA group (table 2) . Between-group comparisons of fMri activation (Figure 4c ; table 2) showed that the fMri signal was significantly greater in the pA compared with the sA group in selected cortical regions bilaterally, including ecFrelated regions within the dorsolateral prefrontal and anterior cingulate cortices. Analyses repeated using a voxel-wise approach showed that the fMri signal was not significantly greater in the sA versus the pA group.
Discussion
in this group of previously sedentary older adults, those who began and remained adherent to a moderate pA program had distinct patterns of brain activation and higher performance on a test of psychomotor speed compared with table 2. spatial Distribution of Functional Brain Mri Activation During fDsst performance as illustrated in Figure 4 regions and corresponding BA classification cluster size (voxels) Notes: Analyses were adjusted for accuracy and reaction time. results are for participants in the sA group and the pA group and for the between-group comparison of functional brain Mri activation in the pA > sA. results for sA > pA comparisons were nonsignificant. BA = Brodmann area; Dsst = digit symbol substitution test; Mri = magnetic resonance imaging; pA = physical activity; sA = successful aging.
* probability of a false positive detection based on the combination of individual voxel probability thresholding and minimum cluster size thresholding. † the cluster had its peak in the left middle frontal gyrus, and it included the left BA 9. ‡ this large cluster had its peak in the left superior frontal gyrus, and it extended dorsolaterally toward the dorsolateral prefrontal cortex as well as deeply to include the left insula. § this cluster had its peak in the left superior posterior parietal cortex (BA 7), and it also included the left parastriatal visual cortex (BA 19). ‖ this cluster had its peak in the right thalamus, and it extended laterally to include the right striatum and rostrally toward the anterior cingulate cortex and right orbitofrontal gyrus (BA 10). ¶ this cluster had its peak in the right middle frontal gyrus, and it extended toward the right post-central gyrus (BA 4). # the cluster had its peak in the left superior frontal gyrus, and it extended dorsolaterally toward the left BA 9 and 6. ** this cluster had its peak in the right superior frontal gyrus, and it extended dorsolaterally toward the left BA 9 and ventrally toward the anterior cingulate cortex. by guest on November 7, 2016 http://biomedgerontology.oxfordjournals.org/ Downloaded from those who remained sedentary over the same period of time. specifically, differences in brain activation during task performance were localized within regions important for ecF. Greater pA levels were also directly associated with greater fMri signal restricted to the inferior frontal gyrus, 2 years after the intervention ended.
Our results are consistent with the previous studies in older adults showing a relationship between pA and greater executive performance (see (3) for a review). previous fMri studies, including ours (18, 27, 28) , have also shown activation in dorsolateral prefrontal, posterior parietal, and anterior cingulate cortices during the execution of ecF tasks. However, this is the first study to examine a relationship between pA, ecF performance, and ecF-related brain activation in very old participants with long follow-up after the end of the intervention.
the spatial distribution of brain changes associated with increased pA has been examined mostly in animal studies (4, 29) and in few human studies. colcombe and colleagues have shown that a 6-month pA program is associated with ecF frontoparietal fMri signal changes similar to those observed here (30) and with fronto-temporo-parietal structural gray matter changes (7) . if pA affects the brain through increased cardiovascular conditioning, then it is likely that the watershed region, such as the dorsolateral prefrontal cortex, would be the most sensitive to cerebrovascular and oxygenation levels' changes after pA. if pA has a stronger effect on these regions than on others, then this could explain why the effect of pA on cognitive function is stronger for the ecF domain.
Although the fDsst task mainly taps ecF function, our fMri analyses were not limited to the ecF regions of interest alone and considered all the brain tissue captured in the field of view. importantly, our analyses examined group differences using two-tailed tests. in addition to tests for greater activation in the persistent exercisers versus persistent sedentary, we also tested for greater activation in the sedentary versus exercisers and found that none of the regions were significantly more active in the sedentary versus exercisers group. Although this study cannot conclude that ecF is the only cognitive domain affected by pA, scores on tests of general cognition and of individual cognitive domains did not differ between groups at baseline or at follow-up (supplementary Figure 3) . the within-group increase in the "three-stage movement" in the pA group may indicate a gain in short-term memory and praxis in relationship with pA. However, we are very cautious in interpreting these results as a lack of effect on other domains and emphasize that this facet of the study needs further investigation. specifically, intervention studies should include careful and repeated neuropsychological assessment and neuroimaging measures to provide conclusive evidence that pA is associated with improved versus preserved function over time and what domains are affected the most. strengths of this study include the comprehensive clinical characterization and the thorough measures of pA for up to 3 years prior to the time of the fMri. specifically, pA was directly monitored during the 1-year intervention trial and had been measured for a follow-up of 2 years until the time of fMri both in this study sample and in the larger group (11, 12) . in this fMri study of aging, we used standard registration methods and smoothing parameters, which is a potential limitation as some have suggested that structural variability in older adults limits the registration and can confound the interpretation of the fMri results. One would expect this confound to lead to decreased activation in participants with greater atrophy. in this study, we found no difference in activation that correlated atrophy index, thus we suspect that our results are not confounded by differences in brain registration. Although this study was cross-sectional, retrospective thorough information on pA was available from 3 years prior (1-year intervention trial and 2 years of follow-up). this study did not directly inves-tigate the reasons why some but not all the participants of the original pA arm remained active during follow-up.
individuals in the pA group may have been selective in their decision, or need, to remain active, and this motivation may partially account for results obtained, especially in light of the role of prefrontal cortices in motivational behavior. Other possible reasons may include overall better health, greater physical fitness, or greater ecF at baseline. However, neither health status, clinical characteristics, nor cognitive tests of global function significantly differed between groups at baseline or at the time of fMri. it is also possible that differences were not significant due to the relatively small sample size. Future intervention studies in larger groups with detailed assessments of mood, cognition, and brain neuroimaging are warranted to examine potential explanatory factors of the association between long-term adherence to pA and greater brain activation and also to examine whether longterm adherence to pA is related to distinct patterns of brain activation compared with short-term adherence.
